Background: Saturated free fatty acids (FFAs) have a dual action on pancreatic b-cells, consisting of an initial enhancement and subsequent suppression of glucose-induced electrical activity and insulin release. These stimulatory and inhibitory effects have been attributed, at least in part, to the activation and inhibition, respectively, of the volume-regulated anion channel (VRAC) by FFAs. Both effects were independent of their metabolism. We have now investigated the effects of related aliphatic compounds in order to further define the determinants of FFA interaction with VRAC. Methods: b-Cell VRAC and electrical activity were measured by conventional whole-cell and perforated patch recording, respectively. Cell volume was measured using a video-imaging technique. Results: In common with octanoic acid, addition of methyl octanoate or n-octanol resulted in a rapid, pronounced and reversible inhibition of VRAC activity. Addition of n-octane had no significant effect on VRAC activity. n-Octanol had a biphasic effect on b-cell membrane potential, namely a small transient depolarization followed by a marked hyperpolarization. n-Octanol was also found to prevent regulatory volume decrease in cells exposed to a hypotonic medium, consistent with VRAC inhibition. Conclusion: It is suggested that methyl octanoate and n-octanol can mimic the effects of FFAs on the pancreatic b-cell via modulation of VRAC activity. The structural requirements for this effect appear to be a medium or long chain aliphatic compound containing at least one oxygen atom.
Introduction
In a recent study, we demonstrated a dual action of saturated free fatty acids (FFAs) on electrical activity in rat pancreatic b-cells [5] . The effects of FFAs consisted of an initial enhancement and subsequent suppression of glucose-induced electrical activity, and were attributed predominantly to the activation, followed by an inhibition, of the volume-regulated anion channel (VRAC). The putative role of this conductance in the pancreatic b-cell has been reviewed elsewhere [4, 6] . Briefly, VRAC activation results in Cl -efflux generating an inward (depolarizing) current. Glucose and several stimuli of b-cell function have been shown to activate the conductance, possibly as a result of increased b-cell volume [4, 6] . VRAC activation could subsequently contribute towards electrical and secretory activity. In addition to VRAC activation, other mechanisms of action of FFAs on b-cell function have been proposed, including interaction with the GPR40 receptor (see [10, 11] for reviews). Modulation of VRAC activity was observed with FFAs of eight or more carbons and did not appear to require their metabolism, implying a possible biophysical interaction between FFAs and the channel protein. This idea is at variance with the previous suggestion that FFAs affect b-cell function via their metabolism [10, 11] . In order to further investigate the determinants of FFA interaction with the VRAC, we have extended our studies to a number of closely related aliphatic compounds.
Materials and Methods
Sodium octanoate, methyl octanoate, n-octanol and n-octane were purchased from the Sigma Chemical Co., Poole, UK.
Pancreatic b-cells were isolated from fed SpragueDawley rats (either sex, 300-350 g) and cultured in Minimal Essential Medium as described previously [3] . Cells were superfused with a bath solution consisting of (mmol/l) 130 NaCl, 4 KCl, 1 MgCl 2 , 1.2 CaCl 2 , 4 glucose and 20 HEPES-NaOH (pH 7.4). nOctane and its derivatives were added at the required concentration (in most cases, 1 mmol/l); all were found to be miscible with water at this concentration. The chemical structures of these compounds are shown in Figure 1 .
Activity of the VRAC was recorded at the wholecell level using the conventional whole-cell recording technique with a List EPC-7 amplifier. A hypertonic pipette solution consisting of (mmol/l) 60 CsCl, 2 MgCl 2 , 1 ATP, 1 EGTA, 220 mannitol and 10 HEPES (pH 7.2) was used to swell the cells and thereby cause VRAC activation. 1 mmol/l CsCl was added to the bath solution to block inward K + currents. Currents were evoked by 50 ms voltage pulses of ± 100 mV at 2 s intervals from a holding potential of 0 mV. Cell capacitance was measured by nulling the capacitance transients, and current density expressed as pA/pF. b-Cell membrane potential was recorded using the perforated patch technique essentially as described previously [2] . In these experiments, the pipette solution contained (mmol/l) 130 KCl, 4 NaCl, 1 MgCl 2 , 10 HEPES-NaOH (pH 7.2) and 50 µg/ml gramicidin D as perforating agent.
Relative cell volume was measured using a videoimaging technique [5, 9] . b-Cells were superfused with the isotonic (291 ± 1 mosmol/Kg H 2 O) bath solution containing 4 mM/l glucose. Cell swelling was evoked by exposure to hypotonic solutions of either 213 ± 1 mosmol/Kg H 2 O or 187 ± 2 mosmol/Kg H 2 O produced by dilution of the isotonic solution with water.
All data are expressed as the means ± SEM and statistical significance was ascribed using Student's paired t-test or by ANOVA where appropriate.
Results
The effects of n-octane derivatives on whole-cell VRAC activity in pancreatic b-cells are illustrated in
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Octanoic (caprylic ) acid
Methyl octanoate n-octanol n-octane Figure 2 . The addition of octanoic acid caused a brief, initial activation of the conductance which was followed by a gradual and prolonged inactivation, as previously described [5] . By comparison, addition of methyl octanoate or n-octanol resulted in a relatively rapid and marked inhibition of VRAC activity. In 8 of the 14 cells used in these experiments (with either compound), the inhibition was preceded by an apparent, though modest activation of the conductance. However, in contrast to the stimulatory effect of octanoate, the initial effects of methyl octanoate and n-octanol were not statistically significant (p > 0.05). The secondary inhibition of VRAC activity evoked by octanoic acid persisted for a considerable period following its withdrawal from the medium. In contrast, the inhibitory effects of methyl octanol and of noctanol were rapidly reversible following withdrawal of these compounds. Addition of n-octane had no significant effect on VRAC activity. Figure 2 also shows quantified inhibitory effects of the above compounds (all 1 mmol/l) on whole-cell VRAC activity. Inhibition of VRAC activity was also observed when these substances were used at a lower concentration of 0.2 mmol/l, although in such cases, the rate of inhibition was considerably reduced (data not shown).
The effects of n-octanol on b-cell membrane potential were examined using the perforated patch recording technique. In the presence of a stimulatory concentration of glucose (16 mmol/l), a pattern of electrical activity was apparent, consisting of slow oscillations in membrane potential with superimposed action potentials (Fig. 3) . The application of 1 mmol/l n-octanol caused a small initial, transient depolarization of the membrane potential followed by a marked hyperpolarization.
The effects of octanoic acid and n-octanol on b-cell volume are shown in Figure 4 . In control experiments, exposure of the cells to a hypotonic medium caused a prompt increase in relative cell volume (RCV) to a mean value of 1.15 ± 0.02 (n = 5; A) or 1.34 ± 0.02 (n = 4; B). This was followed by regulatory volume decrease (RVD) to mean relative volume of either 0.98 ± 0.02 (A) or 1.11 ± 0.06 (B). As previously re- ported [5] , the RVD response was abolished in the presence of octanoic acid (Fig. 4A) . Inhibition of RVD was also observed in the presence of n-octanol (Fig. 4B) . In both cases, cell volumes returned control values when returned to the isosmotic medium. As shown in Figure 4C , the application of n-octanol under isosmotic conditions was found to cause a significant increase in cell volume over 5 min (1.06 ± 0.01, n = 4; p < 0.05 by ANOVA compared to control 0.999 ± 0.01, n = 4). By contrast, octanoic acid had no significant effect on cell volume in isotonic solutions over 5 min (0.98 ± 0.01). The increase in cell volume observed following the addition of n-octanol under isotonic conditions has not previously been recorded with other VRAC inhibitors. We suggest that this phenomenon reflects the high effectiveness of n-octanol as a VRAC inhibitor, and is consistent with the suggestion that the conductance in b-cells is active even under isosmotic conditions [7] .
Discussion
The VRAC conductance appears to play an important role in the modulation of electrical, and hence secretory activity in pancreatic b-cells [4, 6] . In general, activation of the conductance generates a depolarizing current leading to enhanced electrical activity, whilst VRAC blockers hyperpolarize the cell and inhibit b-cell function. We recently found evidence that the acute stimulatory and long-term inhibitory effects of FFAs on the b-cell could be due, at least in part, to a dual action on VRAC activity [5] . Neither the stimulatory nor inhibitory effect of FFAs appeared to require their metabolism.
In the present study, we have further defined the determinants of VRAC modulation by using a range of structurally related aliphatic compounds. Of these, methyl octanoate and n-octanol exerted rapid and pronounced inhibitory effects on VRAC activity. In approximately 50% of cells examined, this inhibitory action appeared to be preceded by a brief activation of the conductance, though this effect failed to reach statistical significance. It was interesting to note that the inhibitory effects of methyl octanoate and n-octanol were more rapidly reversible than was the case with octanoic acid. The reasons for this are unclear at present but could be related to the greater ease of movement of less polar compounds into and across the plasma membrane. It is also notable that n-octane failed to affect VRAC activity. Thus, the minimal determinant for VRAC modulation by FFAs and related compounds appears to be a medium chain length aliphatic compound containing at least one oxygen atom. In view of the fact that several known VRAC inhibitors are negatively charged organic molecules [4, 6] , it is also noteworthy that a charged monocarboxyl group was not a prerequisite for VRAC inhibition by these eight-carbon compounds.
The modulation of VRAC activity by FFAs previously reported was closely associated with a dual action on b-cell electrical activity [5] . In the present study by comparison, n-octanol evoked an initial depolarization followed by a subsequent hyperpolarization. We suggest that these actions were likely due, respectively, to the transient activation of VRAC apparent in some cells and the subsequent marked hyperpolarization.
In addition to playing an important role in modulating b-cell membrane potential and electrical activity, the VRAC is also involved in the regulation of cell volume [4, 6] . Thus, activation of the conductance as a result of cell swelling leads to Cl -efflux and hence regulatory volume decrease (RVD). Consistent with this mechanism, inhibition of VRAC by n-octanol was found to abolish RVD, an effect previously observed with a range of other VRAC blockers [4, 6] . We should point out that these functional studies of membrane potential and volume regulation were restricted to using n-octanol; the actions of other aliphatic compounds were not investigated. Medium chain length alcohols, including n-octanol, have previously been reported to block gap junction channels [8, 12] . These channels appear to be distinct from VRAC, however, at least on the basis of their kinetics and ion selectivity [1, 13] . It should be pointed out that the molecular identity of VRAC channels remains unclear at present. It is possible that the powerful inhibition of VRAC by octane derivatives might assist with eventual identification of the channel protein(s).
